Abstract The catalytic CO oxidation reaction has been investigated over a series of Mn/TiO 2 catalysts. The titanium dioxides, including several mesoporous structures were prepared by different synthesis procedures. The mesoporous TiO 2 synthesized using evaporation-induced self-assembly (EISA) method exhibited the highest surface area (217.14 m 2 /g). The successful loading of the active manganese component (2 %) to TiO 2 supports showed high dispersion of MnO x species in amorphous state. Characterizations of XRD, N 2 adsorption-desorption, pore size distributions, TEM, H 2 -TPR and XPS were applied to contrast their structure properties and correlated with the corresponding catalytic performance. The Mn/EISA exhibited the highest catalytic activity among the series of Mn/TiO 2 catalysts, which could completely oxidize CO into CO 2 at temperature as low as 270 o C, due to its highly ordered mesoporous channels, which effectively enlarge the surface area leading to promoting a strong interaction between MnO x species (68 % Mn 3?
Introduction
Exhaust gas treatment has been the focus of current research for a wide array of applications. The main sources of air pollution, such as CO, have become serious problems with the development of the social society. The catalytic oxidation is an effective way to eliminate harmful carbon monoxide and it is also a common probe reaction with one rate-determining stage and sole product. Titanium dioxides supports of manganese could be a good choice as catalyst due to their high chemical stability, satisfactory resistance to poisoning and simplify the system [1] .
Manganese (Mn) is a transition metal that plays a fundamental role in many environmental reactions in the state of its oxides or ox-hydroxides [2] [3] [4] . The dominant oxidation states of Mn in the environment are II, III, and IV. Each oxidation state has different solubilities that can be linked to redox reactions associated with their aqueous/solid state partitioning [5] . A manganese nitrate precursor results primarily in crystal MnO 2 , while a manganese acetate precursor results chiefly in a highly dispersed Mn 2 O 3 surface. Supported Mn species are effective catalysts for low-temperature CO oxidation. Several studies have determined the use of Mn/TiO 2 catalyst [6] , but there are limited references focusing on the analysis of the influence of diverse supports.
Titanium dioxide, which is one of the most basic materials in our daily life, has emerged as an excellent photocatalytic material for environmental protection [7] . However, pure titanium dioxide cannot satisfactorily fulfill the elevated activity demands for CO oxidation, and the manganese oxide could be a kind of active ingredient loading on it. To act as supports of catalysts, TiO 2 is widely used because it is cheap and non-toxic material. Usually commercial catalysts use common merchant TiO 2 as supports. But there are diverse kinds of TiO 2 supports with distinct preparation methods, especially mesoporous TiO 2 which have unique properties, in consequence of high surface area, controllable size and the highly ordered pore structure, extensive attentions have been concentrated in the synthesis and the application of mesoporous TiO 2 [8] [9] [10] . The large specific surface area and ordered porous frameworks make mesoporous oxides have a high activity and great adsorption capacity, and they have a potential application value in the fields of catalytic cracking and fine chemical industry because its large aperture [11] . TiO 2 has two common crystal phases, which are anatase and rutile, with different performances acting as supports [12, 13] . Since the sol-gel chemistry of titanium precursors is susceptible, the cooperative assembly is sensitive to variable reaction conditions. TiO 2 is an inert support which mainly provides the dispersing surface for the active component, by loading a certain amount of active substances on the mesoporous TiO 2 , the catalytic performance could be potentially improved.
Mesoporous materials are considered promising as highefficiency catalysts due to their large pore sizes and high surface areas. Nanoparticles are used as building blocks instead of molecular precursors via the evaporation-induced self-assembly (EISA) method. Yang and Zhao et al. have developed a simple and general procedure for the synthesis of ordered mesoporous metal oxides, including TiO 2 , and those mesoporous metal oxides are formed through a mechanism that combines block copolymer selfassembly with alkylene oxide complexation of the inorganic metal species [14, 15] . This synthetic strategy reduced synthesis time and produced nanocrystalline frameworks under a mild calcination.
In this work, a series of TiO 2 oxides with diverse morphologies as supports of manganese species, as potential catalysts for CO oxidation reaction, is synthesized by different methods. These catalysts are characterized by XRD, N 2 adsorption-desorption, pore size distributions, TEM, H 2 -TPR and XPS to contrast their physicochemical properties and correlated with the corresponding catalytic performance.
Experimental Catalysts preparation

TiO 2 supports
Six methods were used for the preparation of TiO 2 supports.
1. EISA (evaporation-induced self-assembly) method 1.6 g of F127 (EO 106 PO 70 EO 106 ), 2.3 mL of CH 3-COOH, and 0.74 mL of HCl were dissolved in 30 mL of ethanol, and then 3.5 mL of TBOT (tetrabutyl titanate) was added to the above solution. The mixture was stirred vigorously for 1 h and transferred into a Petri dish to allow evaporation process at 40°C with a relative humidity of 40 % for 2 days, transparent TiO 2 nanocomposites were formed and thereafter transferred into a 65°C oven and aged for an additional 24 h. The as-made mesostructured hybrids were calcined under 350°C for 4 h with rate 1°C/ min. The sample obtained was denoted as EISA.
2. Sol-gel method 0.75 g of CTAB (C 16 H 33 (CH 3 ) 3 NBr) was dissolved in 25 g of isopropanol l. 5 g TBOT, 1 mL CH 3 COOH and 0.5 mL HCl were then added to the above solution, respectively. The mixture was stirred for 0.5 h to form homogeneous pale yellow solution A. 1.5 mL of deionized water was added to 2 mL isopropanol to form solution B. Solution B was slowly added to Solution A. and stirred for 2 h at 30°C to form a uniform milky gel, then aged for 48 h, followed by drying at 100°C in a Petri dish. The final product was calcined under 400°C for 4 h. The sample obtained was denoted as SG.
3. Hydrothermal method 2 g of P123 (EO 20 PO 70 EO 20 ) was dissolved in 20 mL of ethanol, and then 7.5 mL of TBOT was slowly added, stirred for 0.5 h. The mixture was added to the solution mixed with ethanol and deionized water dropwise and then stirred for 1 h. The resulting solution was transferred to PTFE hydrothermal reactor for 2 h under 80°C. The obtained product was filtered and washed by deionized water and ethanol for three times, dried at 60°C. The precursor was calcined at 200°C for 1 h, and continued at 350°C for 2 h. The sample obtained was denoted as HY.
4. Anatase sample A certain amount of TBOT was dissolved in ethanol, and then dried at 100°C, followed by calcination under 400°C for 2 h. The sample obtained was denoted as AN.
5. Rutile sample A certain amount of TBOT was dissolved in ethanol, and then dried at 100°C, followed by calcination under 800°C for 2 h. The sample obtained was denoted as RU.
6. Hard templates method TBOT was dissolved in ethanol under continuous stirring following by the addition deionized water dropwise into the solution until no more white precipitate of titanium hydroxide was produced. The white precipitate was recovered by filtering and washing with distilled water. After drying, 0.2 g of the precipitate was dissolved in 20 mL of HNO 3 solution (70 %) to form a 0.085 M titanium nitrate solution (calculated based on Ti ions). Subsequently, 0.15 g of SBA-15, prepared by a classic way, was mixed with the titanium nitrate solution under stirring for 2 h, and the mixed solution was transferred into a 50 mL crucible and dried at 40°C. The dried white powder was placed in a muffle furnace for calcination. The asmade composite was mixed with 0.2 M NaOH solution at 80°C under stirring for 2-3 min, this process was repeated once again. TiO 2 powder was washed with distilled water twice, followed by drying at 40°C [16] . The obtained sample was denoted as HT.
Metal loading 50 mL of demonized water was added to a beaker containing 1 g of support. The mixture was heated to 70°C under continuous stirring. A measured quantity of manganese nitrate (mass fraction of manganese oxides is 2 %) was then added to the above solution, and the mixture was evaporated to eliminate the superfluous water. The obtained product was further dried overnight at 110°C, and finally calcined at 400°C for 2 h in air.
Catalysts characterization
X-ray diffraction (XRD)
X-ray powder diffraction patterns have been recorded with a Bruker D8 X-Ray diffractometer, which employed a Cu Ka radiation (k = 0.15406 nm). The scanning range 2h was 10°-80°with a step size of 0.1°at the speed of 1 s/ step.
Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) images were carried out using a JEM-3010 electron microscope, respectively. The samples were ultrasonically dispersed in ethanol and then were deposited over copper grid.
X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) data were conducted on a Thermo fisher ESCALAB 250 system with Al Ka radiation as the X-ray source. The measurements were carried out in an ultrahigh vacuum (UHV) chamber. The sensitivity of ISS is 25 kcps/nA. And the binding energies (BE) were referenced to the carbon deposit C (1 s) line at 284.6 eV.
BET analysis
The specific surface areas (S BET ), pore size distributions, pore total volumes and sorption isotherms of the TiO 2 and the Mn/TiO 2 were measured by nitrogen physisorption at liquid nitrogen temperature (-196°C) by the BrunauerEmmett-Teller (BET) method using an automated gas sorption system (Sorptomatic 1990, Thermo Electron). Pore size distributions of the different catalysts were calculated according to the Barrett-Joyner-Halenda (BJH) model from the data of desorption branch of the nitrogen isotherms. Micropore volume (V micro ) was obtained by using t-plot method.
Temperature-programmed reduction (TPR)
Temperature-programmed reduction by hydrogen (H 2 -TPR) was conducted inside a fixed-bed reactor loading with about 50 mg samples. The catalyst samples were heated from 50 to 800°C at a rate of 5°C/min under a flow of 5 % H 2 /Ar (40 mL/min). The consumption of hydrogen was on-line monitored by gas chromatography (GC 4000A) equipped with a thermal conductivity detector (TCD).
Catalytic activity tests
The catalytic performances of Mn/TiO 2 catalysts in the CO oxidation reaction have been investigated in a fixed-bed flow reactor using 200 mg of catalyst. The temperature was varying from 100 to 350°C at ambient pressure. The total volumetric gas flow was 33.6 mL/min, which was the mixture of CO, O 2 and Ar. The proportion of CO is 1 % balanced by Ar.
Results and discussion XRD, TEM, and BET analysis Fig. 1 the diffraction peaks assigned to crystalline manganese oxide species are very weak, indicating that the Mn ions are well dispersed on TiO 2 supports in amorphous state. Yue et al. [17] mentioned that the crystal phase and mesoporous structure of TiO 2 highly dependent on the calcination temperature thence TiO 2 supports made in the temperature range of 350-800°C showed different diffraction peaks. According to the diffraction peak intensities, the Mn/RU catalyst showed the better crystallinity phase due to its high calcination temperature, whereas the Mn/HY showed the worst crystallization.
In Fig. 2 the textural properties are investigated by N 2 physical sorption, representing a typical feature of mesoporous materials for all prepared Mn/TiO 2 catalysts except the catalyst with RU support. These calcined samples exhibit a type IV curve. Mn/EISA featuring a H2 hysteresis loop, suggests that it has a uniform size and shape. Others exhibit a H1 hysteresis loop, suggesting that they have a non-uniform structure. Michal Kruk et al. [18] have found that the position of the capillary condensation step gradually shifts to higher relative pressures and the relative height of the capillary condensation step increases with increasing pore diameter, which means Mn/EISA may has the largest pore diameter. An initial increase in adsorption capacity is assigned to monolayer adsorption on the micropore surface as well as monolayer and initial multilayer adsorption in the mesopore intrawall at relatively lower pressures (P/P 0 \ 0.1). Subsequently, the upward deviation at higher P/P 0 (0.4-0.8) is believed to be associated with the progressive filling of mesopores via capillary condensation [19] . All the catalysts still kept mesoporous structure after the deposition of manganese oxide species and the subsequent calcination, indicating that the catalysts have a good stability. Figure 3 presents the pore size distributions of samples, which obviously showed the largest pore size of Mn/EISA, which it is agreed with the result in Fig. 2 .
BET specific surface areas, average pore diameter (Da), most probable pore diameter (Dm), crystallite size of TiO 2 supports, and pore size distributions of the various Mn/ TiO 2 catalysts are shown in Table 1 and Fig. 3 . These samples with mesoporous structure have larger surface areas than the other samples. BET surface area of both the supports and the catalysts (with corresponding supports) decrease in the following order:
The EISA sample shows the highest surface area (217.14 m 2 /g) due to its regular mesoporous structure. Moreover, RU sample has the lowest surface area and the largest crystallite size in consequence of feature of crystallite phase. Compared with pure TiO 2 supports, the BET surface areas of Mn/TiO 2 decrease rapidly with an introduction of 2 % Mn indicating that the loading an active ingredient on the channel of the TiO 2 support could reduce the free volume and surface area of the result catalyst. The surface area of catalyst with EISA support decreases in a manner more significantly after loading Mn component as compared to other catalysts due to its mesoporous structure of the supports; it is not as stable as others [20] . The mesoporous Mn/EISA has the largest pore size along with not only the average pore diameter, but also the most probable pore diameter, which corresponds to the pore size distributions (Fig. 3) . After loading the active component, the pore diameter of the EISA samples increased, suggesting that the micropores of the supports are plugged. The smallest pore sizes (4.2 nm) are observed for RU samples, which would likely limit the TEM images illustrate the morphology of the TiO 2 supports prepared via different methods in Fig. 4 . Manganese oxides are hardly distinguishable from TEM image when the loading amount of Mn on various TiO 2 supports, suggesting that the Mn species are highly dispersed compared to the limit detection by XRD (Fig. 1) . EISA samples show highly ordered mesoporous channels that presented in large domain, effectively enlarging the BET surface area (Table 1) , which are similar to the cubic bicontinuous (Ia3d) textures. Only worm-like structure can be found in SG and HY samples. This worm-like structure is sometime more stable than ordered structure, which is already shown in Table 1 , the above results well agree with what is mentioned in early literature [21, 22] . As described in the literature previously [23] , HT sample shows a partial regular and replicated structure. The particles of RU samples are huge and relatively independent, which coincides with its large crystallite size (Table 1) .
H 2 -TPR analysis
The temperature-programmed reduction profiles of various manganese supported on TiO 2 catalysts are shown in Fig. 5 . TPR experiments are performed on pure TiO 2 , no noticeable H 2 consumption is observed for these samples under 800°C. Thus, the H 2 consumption detected for various Mn/TiO 2 catalysts primarily originates from the reduction of the manganese oxides species. It has been mentioned that the low temperature peaks are on account of highly dispersed metal oxide particles on the supports and the second reduction peak is typically assigned to the hydrogen consumed in the reaction with sub-surface lattice oxygen, which could migrate from the interior to the surface of the catalyst at higher temperatures [24] . [25] . Whereas each kind of MnO x favored its corresponding peaks, it was difficult to identify the MnO x species consistent with the TPR profiles, considering the investigated above. For Mn/EISA catalysts, the intensity of the first reduction peak is smaller than other catalysts, which is probably due to the strong interaction between MnO x and TiO 2 . Based on previous literature [26] , the highly dispersed MnO x might be the precursor of the Catalytic activity Figure 7 shows the variation of CO conversion as a function temperature for Mn/TiO 2 catalysts synthesized using different methods. The catalytic behavior has been correlated with the results of specific surface area and structure properties. The catalyst with EISA-TiO 2 support, which reveals the highest specific surface area and smaller crystallite size with highly ordered mesoporous structure, shows the highest catalytic activity among the catalyst with SG, HY, HT and RU supports; 100 % conversion is achieved at 270°C. So, the EISA method is chosen to prepare TiO 2 , which could support the Mn species as active component in highly dispersed state, suggesting that the MnO x has strong interaction with TiO 2 support which effectively improves the catalytic performance of CO oxidation reaction.
Conclusion
A series of Mn/TiO 2 catalysts has been prepared and investigated for the catalytic CO oxidation reaction. Comparing Mn/TiO 2 catalysts with different kind of supports, it is found that the catalyst with TiO 2 support made by EISA method exhibits the best catalytic activity for CO oxidation especially at low temperature. XRD and TPR results indicated that the highly dispersed MnO x were in amorphous state. TEM results worked in concert with the BET results and showed the highly ordered mesoporous structure catalyst with EISA-TiO 2 support, which effectively enlarges the surface area, leading to promoting strong interactions between Mn species as active component and TiO 2 supports. XPS studies indicated the effect of valence of Mn, in which Mn 3? was a significant contributor to the number of active sites for CO oxidation reaction and thus benefited the catalytic performance. 
